The development that solar energy will have in the next years needs a reliable estimation of available solar energy resources. At local scales, topography is the most important factor in determining the distribution of solar radiation at the surface. Interpolation techniques are usually employed to estimate solar resources where stations are not available, but often their usefulness is limited, especially where topography is an important source of variability that carries the use of very dense radiometric networks, with high cost and difficult maintenance. In this work the usefulness of a Digital Elevation Model (DEM) providing topographic information for the estimation of solar radiation in complex topography areas is analysed. Daily global radiation values were generated using the Solar Analyst software, which uses topographic information 1 to generate radiation data. The generated data were compared with the experimental data obtained from 14 radiometric stations located within the Sierra Nevada Natural Park (Southern Spain), an area of complex topography.
which determines microenvironmental factors such as air and soil temperature variability, evapotranspiration, snow melt patterns, soil moisture, and the amount of light available for photosynthesis. On the other hand, these areas mostly correspond to very interesting bioclimatic regions, many of them natural parks. The importance in determining the spatial distribution of the solar radiation in this kind of regions is twofold: on the one hand, the amount of radiation received at the Earth's surface is a major forcing function of forest ecology and, consequently, the spatial and temporal distribution of surface radiation exerts a fundamental control on forest patterns (McKenney et al. 1999) and, on the other, the development that solar energy applications (thermal and photovoltaic) will have in the future. This means that a reliable estimation of the available solar energy resources is important, also in this kind of remote area where measured data are not available. Different interpolation techniques have been proposed in the last decades to derive spatial databases from measurements of meteorological and climatological stations, such as spline functions (Sampson & Guttorp 1992 , Jeffrey et al. 2001 , Xia et al. 2000 , weighted average procedures or kriging (Hulme et al. 1995 , Zelenka et al. 1992 . Such techniques can provide reasonable estimates in homogeneous terrain, with similar climatological properties, but reliability decreases when the complexity of the topography increases or in the coastal areas. To sum up, the simple interpolation and extrapolation of point-specific measurements of solar radiation to all areas is generally not appropriate because most of the locations are affected by strong local variations.
Spatially-continuous irradiance values can be derived directly from meteorological geostationary satellites. Processing satellite data provides less accurate values (compared to ground measurements), but has the advantage of the great spatial coverage that they can provide. For instance, the Meteosat Second Generation has a temporal resolution of 15 min and 2.5 km of spatial resolution at the sub-satellite point. In spite of the great improvement compared to the previous Meteosat generation, many applications still need a better spatial-temporal resolution and the usefulness of the solar radiation estimates for areas of complex topography is limited. For instance, in Sierra Nevada Natural Park in an area of 10x5 km 2 , differences of 1000 m in elevations and wide diversity of aspects can be found. As a consequence, in a pixel very different values of solar irradiance can be obtained. The solar irradiance value estimated from the satellite image for a pixel is an average, but this value does not provide information about the intra-pixel variability. Nevertheless, several works have shown the usefulness of the satellite estimates in providing additional information for interpolation techniques of solar radiation estimation in mountainous regions (Agostino & Zelenka 1992 , Beyer et al. 1997 ).
In the last decade, a new technique for estimating solar radiation in complex topography areas has been proposed. This technique uses information from a DEM (e.g. slope and aspect) integrated within geographical information systems (GIS) to provide rapid, cost-efficient and accurate estimations of solar radiation over large territories. Currently, there are several software packages which offer different methodologies, such as ArcInfo GIS (SolarFlux; Dubayah & Rich 1995 , Hetrick et al. 1993 Fu & Rich 2000) , SRAD (Wilson & Gallant, 2000) , IDRISI (Solei; Miklánek 1993) or GRASS (r.sun; Hofierka & Suri 2002) .
In this work the reliability of this kind of techniques for estimating solar radiation in areas of complex topography is evaluated using experimental data.
Particularly, the ArcInfo Solar Analyst software package is used to estimate the daily global radiation data in the area of the Sierra Nevada Natural Park The work is organized as follows. In section 2, a brief review of the Solar Analyst model is carried out. Section 3 deals with the study area and the experimental data. Section 4 shows the results and, finally, in Section 5 some concluding remarks are provided.
Models based on the DEM and the Solar Analyst Model
The DEM provides an opportunity for taking into account the important role that the topographic characteristics (elevation, aspect, slope and skyview) play in the spatial and temporal distribution of solar radiation in complex topography.
The influence of the topography could be computed, given the DEM, through a geometric procedure whose accuracy depends on the DEM resolution (Dubayah & Rich 1995 . Particularly, for each point the DEM provides the artificial horizon and relative position of the Sun (Duguay 1993) . Given the relative position of the Sun at every time and for every point of the area, the direct and diffuse solar irradiance can also be estimated, determining if the global radiation is composed by the direct and the diffuse radiation (when the Sun is unobstructed) or if the global radiation is only diffuse radiation (when the Sun is obstructed). Daily solar global irradiation is then computed by integrating the instantaneous global irradiance values.
There are two types of models for estimating solar radiation at the surface, those which are point-specific and those which are area-based. Point-specific models compute insolation for a location based upon the geometry of the surface, the visible sky from the point-specific and the actual position of the Sun. The local effect of topography is accounted by empirical relations or visual estimation.
Point-specific models can be highly accurate for a given location (Fu & Rich 2000 ), but it is not possible to build a specific model for each location over a landscape. Note that every point presents different relative positions to the Sun orbit and different geometries reporting, consequently, different artificial horizons. In contrast, area-based models compute insolation for a geographical area, computing surface orientation and shadow effects from a digital elevation model (Dubayah & Rich 1995 , 1996 , Kumar et al. 1997 . As a consequence, whereas point-specific models can be highly accurate for a specific location, area-based models can calculate insolation for every location over a landscape.
Solar Analyst benefits from the strengths of both point-specific and area-based models. In particular, it generates an upward-looking hemispherical viewshed, for every location of the DEM. Viewshed is computed for each cell of the DEM.
A viewshed is the angular distribution of sky obstruction. This is similar to the view provided by upward-looking hemispherical (fisheye) photographs. The viewshed is constructed by searching in a specified set of directions around a location of interest, determining the maximum angle of sky obstruction in each direction. For other unsearched directions, horizon angles are calculated using interpolation. Then the horizon angles are converted into a hemispherical coordinate system (Fu & Rich 2000) . To compute the viewshed from a particular location, the artificial horizon is analysed based on the surrounding topography. To carry out properly this analysis, the DEM must cover an area greater than the area under study. The scheme in Figure 1 shows the former processes. The hemispherical viewshed is used to compute the insolation for each location and to produce an accurate insolation map. Solar Analyst can calculate insolation integrated for any period. It can account for site latitude and elevation, surface orientation, shadows cast by surrounding topography, daily and seasonal shifts in solar angle, and atmospheric attenuation. It is implemented as an ArcView v.3.2 GIS extension.
The direct, diffuse and global solar radiation values at a given location and time are computed based on the "sunmap" and the "skymap". The sunmap is a raster map which provides the direct component of the solar radiation; it uses the same hemispherical projection that the viewshed. To obtain the sunmap, the amount of radiation that reaches the Earth's surface is computed based on a radiative transfer model. The skymap is also a raster map but of the diffuse solar radiation component; it also uses the same hemispherical projection as the viewshed. To obtain this raster, the incident solar radiation coming from any part of the sky was computed considering the diffuse radiation isotropic.
In order to obtain the direct and diffuse solar radiation, Solar Analyst needs, as input, two parameters related to the sky conditions: the transmitivity and the diffuse rate. These two parameters were estimated using data from field radiometric stations located in the area of study. Finally, based on the viewshed, the sunmap and the skymap, an estimation of the solar direct and diffuse solar radiation values was computed. The global radiation was obtained by adding the diffuse and direct radiation (Fu & Rich 2000) . Figure 2 presents an outline of these processes.
Experimental data
To carry out the evaluation of the performance of Solar Analyst estimates we have used experimental data collected in an area in Southeastern Spain, within the Sierra Nevada Natural Park (Figure 3 ). Sierra Nevada is the biggest Natural Park in Spain, accounting for more than 86000 ha. It presents a complex topography, elevation ranges from 500 to 3482 m (Mulhacen peak). The climate is that of a typical middle and high Mediterranean mountain environment, with dry hot summers, cold winters, and relatively high precipitation in autumn and spring. Precipitation during winter is mainly snow. There is a large range of vegetations types, with over 60 indigenous plants.
14 meteorological stations were located in the northern side of the Sierra Nevada Park, in an area of 10x5 km 2 representative of the complex topography of the Park (Figure 4 ). The locations of the stations cover a wide range of elevations (from 1100 to 1700 m), aspects and slopes (see Table 1 ). covers an extension of 20x20 km 2 , containing the 10x5 km 2 of the study area, allowing, thus, the horizon effects on the estimated solar radiation to be taken into account properly.
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Analysis and results
It is well known that over homogenous and flat landscapes the correlation of solar radiation data series measured from different locations is relatively high and decreases with the distance between stations (Aguado 1986 , Long & Ackerman 1995 . In these cases, classical interpolation methods provide good results for estimating solar radiation. Nevertheless, in complex topography the simple interpolation of data does not provide adequate estimates, and more complex models, which take into account the topographic characteristics, are needed to estimate the incident radiation properly (Tovar et al. 1995) . To illustrate this phenomenon we have compared data measured in several stations. Figure 5a shows a great dispersion of the data while Figure 5b shows similar values for both stations, meaning that, in complex topography, the distance between stations cannot describe the differences between the radiation at different stations. Table 2 An additional analysis showed that great part of this scattering is due to the DEM resolution. Particularly, the topographic parameters obtained for the 14 stations based on the 20 m resolution DEM have been compared with experimentally-measured data. A GPS device was used to obtain altitude and an electronic clinometer to measure slope and aspect. The result (Table 3) shows that the differences can reach relatively high values. Particularly, differences in elevation are relatively low, but differences in slope and aspect are relatively high. These differences strongly contribute to the scattering of the data, meaning that the DEM resolution plays a very important role in obtaining accurate solar radiation estimates.
Another possible source of error in the model estimates is the fact that the model does not take into account either the albedo or the multiple reflection that solar radiation undergoes before reaching the measuring point. This source of error is particularly important when a snow cover is present, which often occurs in mountainous areas during winter.
Conclusions
The use of simple interpolation methodologies for estimating the solar radiation 
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Figures Fig. 1 . Schematic process to obtain the solar radiation value at a particular site.
Based on a DEM, the sky view is obtained analyzing different directions. The viewshed is then computed at every site using a hemispheric vision. (Based on Fu & Rich 2000) . Tables   Table 1: Characteristics of the stations network. Table 2 : Linear regression parameters computed based on the series in figure 5a and 5b. 
